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Abstract 

The U.S. Department of Energy (DOE), Lockheed Martin (LM), and NASA Glenn Research Center (GRC) have 
been developing the Stirling Radioisotope Generator (SRG110) for use as a power system for space science 
missions. The launch environment enveloping potential missions results in a random input spectrum that is 
significantly higher than historical radioisotope power system (RPS) launch levels and is a challenge for designers. 
Analysis presented in prior work predicted that tailoring the compliance at the generator-spacecraft interface 
reduced the dynamic response of the system thereby allowing higher launch load input levels and expanding the 
range of potential generator missions. To confirm analytical predictions, a dynamic simulator representing the 
generator structure, Stirling convertors and heat sources were designed and built for testing with and without a 
compliant interface. Finite element analysis was performed to guide the generator simulator and compliant interface 
design so that test modes and frequencies were representative of the SRG110 generator. This paper presents the 
dynamic simulator design, the test setup and methodology, test article modes and frequencies and dynamic 
responses, and post-test analysis results. With the compliant interface, component responses to an input environment 
exceeding the SRG110 qualification level spectrum were all within design allowables. Post-test analysis included 
finite element model tuning to match test frequencies and random response analysis using the test input spectrum. 
Analytical results were in good overall agreement with the test results and confirmed previous predictions that the 
SRG110 power system may be considered for a broad range of potential missions, including those with demanding 
launch environments. 


I. Introduction 

The Department of Energy (DOE), Lockheed Martin (LM), and NASA Glenn Research Center (GRC) undertook 
development of a high-efficiency, nominal 110-We (watts electric) Stirling Radioisotope Generator (SRG110) for 
use on Space Science Missions. Potential missions requiring radioisotope power systems include deep space 
missions and planetary surface missions involving stationary landers or rovers. LM, under contract to the DOE, is 
the System Integration Contractor for the SRG1 10. 

The SRG110 was designed to produce at least 112 We at beginning-of-mission (BOM), using two opposed 
Stirling convertors and two Step 2 General Purpose Heat Source (GPHS) modules. The system efficiency is 
projected to be 22 to 25 percent with a system mass of less than 34 kg. The SRG1 10 system efficiency would reduce 
the amount of radioisotope required by a factor of four or more compared to Radioisotope Thermoelectric 
Generators (RTGs). Infinia developed the Stirling convertors, and NASA GRC provided resources and expertise, 
development activities, analysis and testing. 

The evolution of the SRG110 design, with the improvement of the Stirling convertor mounting arrangement and 
the development of a compliant launch interface, is discussed in detail in reference 1 . A finite element model (FEM) 
of the SRG110 system containing detailed representations of the Stirling convertors was used to determine the 
response of critical components to the launch environment. Significant reductions in the dynamic response of the 
Stirling convertors to launch loading were realized through the use of a compliant launch adapter. The SRG110 and 
launch interface are depicted in figure 1. The spacecraft launch interface, similar to those used in past GPHS RTG 
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missions was designed to achieve fundamental 
generator axial and lateral modes between 35 and 
50 Hz for input vibration attenuation. The 
interface attaches to the spacecraft at the four 
locations near its outer diameter. Fundamentally, 
the interface is composed of two thin plates 
separated by a short distance to achieve the 
proper combination of axial and lateral stiffness. 

The SRG1 10 attaches at eight points — four points 
on the same plate as the spacecraft interface and 
four points on the second plate offset along the 
axis of the SRG110. The Stirling convertors are 
joined with an interconnect tube at their pressure 
vessels and are fastened to the generator housing 
at their cold flanges (depicted in blue in fig. 1). 

The interconnect tube stabilized the Stirling 
convertors so that individual Stirling convertor 
vibration modes were combined into one higher frequency mode and simplified the Stirling convertor mounting 
arrangement (ref. 1). One General Purpose Heat Source (GPHS) is preloaded in compression against each Stirling 
convertor heat collector. The controller is mounted on the side of the generator housing. 

In anticipation of potential SRG110 engineering unit (EU) vibration testing, an SRG110 generator dynamic 
simulator was designed, built, and tested at NASA GRC. This reduced the risk involved with EU generator testing 
by validating the analytical model predictions of generator and Stirling convertor responses, validating the isolation 
adapter approach to lowering generator/Stirling convertor responses by test, and validating the interconnect tube 
mounting approach and loading on the Stirling convertors. The dynamic simulator test article, test results, and post 
test analysis will be described in the following sections. 



II. Test Article 


The generator dynamic simulator was designed and built 
by NASA GRC using Stirling convertor mass simulators. 
The Stirling convertor mass simulators were fastened to an 
interconnect tube that functioned as both an interconnect tube 
and a common pressure vessel, as shown in figure 2. The 
Stirling convertors were pressurized but not operated during 
the test. Since the focus of the test was on the system’s 
response to external excitation, it was not necessary to use 
operating convertors. A two-piece cylindrical generator 
housing was designed to achieve a bending stiffness similar to 
that of the SGR1 10 housing. The mass models were 
instrumented and mounted inside the generator housing. 
Instrumented GPHS mass simulators were mounted on the 
Stirling convertor heater heads. Replicas of the preload stud 
and preload washer assembly and end covers were fabricated 
and installed to achieve proper compressive load on the 
GPHS mass simulators. 

As depicted in figure 3, the test article was designed for 
testing in two configurations — hard-mounted and isolation- 
mounted. The hard-mounted configuration used a cantilever 
base mount fixture to simulate the SRG110 attached to a stiff 
spacecraft interface. The frequency goal for the fundamental 
bending mode of this test configuration was greater than 
100 Hz. The isolation-mounted configuration simulated the 
SRG110 attached to the spacecraft through the compliant 
launch interface. Stiffness of the flight interface was 
simulated by a set of nine flexures as shown in figure 3(b). 



Figure 2. — Stirling convertors joined at alternators 
by interconnect tube. 



(a) (b) 

Figure 3. — Hard mount a) and isolation-mount 
(b) test configurations. 
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The flexure arrangement allowed somewhat independent adjustment of lateral and axial frequencies. The stiffness of 
the three flexures parallel to the simulator axis primarily determined the frequency of the fundamental lateral modes. 
The stiffness of two sets of three flexures perpendicular to the simulator axis largely controlled the frequency of the 
fundamental axial mode. The frequency goal for the isolation-mount’s fundamental axial and lateral modes was 
between 35 and 50 Hz. 


III. Test Setup and Dynamic Environments 

Vibration testing was performed at the NASA GRC 


Structural Dynamics Laboratory (SDL). Tests were 
performed parallel to the axis of the dynamic simulator 
(Z-axis) and perpendicular to the axis of the simulator 
(X-axis). The dynamic simulator — either hard-mounted or 
isolation-mounted — was attached to the test plate at three 
locations. Three force transducers, one at each attachment 
location, measured the axial and lateral interface forces 
during testing (see fig. 3). A total of 97 channels 
(93 acceleration, 3 force, and 1 internal pressure) of data 
were acquired simultaneously. Two control accelerometers 
were mounted oriented in the direction of motion on 
opposite sides of the aluminum test plate. The average of 
the two control accelerometer signals was used to control 
the electrodynamic shaker input. 

Multiple level random vibration tests were performed 
on the Stirling Generator Dynamic Simulator. Consistent 
with previous test efforts (refs. 1 and 2), the random 

vibration test spectrum applied was a slightly modified version of the RPS flight acceptance test profile shown in 
figure 4. The flight level input was 8.7 grms and the qualification (flight +3 dB) level input was 12.4 grms. The 
highest input level applied was flight +4.8 dB, which was 15.1 grms (peak input 0.3 g 2 /Hz). Force limiting was 
employed using the interface force transducer measurements per reference 3. Sinusoidal resonance surveys were 
conducted prior to and following random vibration tests to verify that no structural changes occurred as a result of 
random vibration testing. 



Frequency (Hz) 

Figure 4. — Random vibration spectra. 


IV. Test Article Modal Results 

Modes and frequencies were extracted from test data at the 
lowest level of random vibration input, flight level 
-12 dB. At low level, the data quality was at its highest, and 
localized nonlinearities were minimized. Test display models 
(TDMs), simplified models of the basic geometry of the test 
articles, were created to visualize the mode shapes obtained from 
the mode curve fitting analysis. The TDM was based on a 
centerline average of all accelerometers at each station along the 
length of the test article. The averaged acceleration was calculated 
in the time domain and then post processed to the frequency domain 
for mode extraction. Figure 5 shows the first two modes of the 
isolation-mounted test article. In the figure, the Stirling convertor 
responses are represented in blue and the housing response in green. 
The first lateral mode was typical of a cantilever-mounted structure 
and was similar to the SRG110 first lateral mode. The predominant 
motion of the simulator in the second mode was at its inboard end. 




Figure 5. — Isolation-mounted test article 
first (a) and second (b) mode shapes. 


V. Analytical Models and Model Tuning 

Finite element models (FEMs) of the hard-mounted and isolation-mounted configuration were created 
concurrent with the design of the test articles. Both models were tuned after the test to match the test modes and 
frequencies. Table 1 shows a comparison of the measured modes and frequencies to results given by the FEM after 
tuning. The stiffness of the lateral flexures was tuned to the frequency of the first lateral mode, but there remained 
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TABLE 1.— COMPARISON OF TEST AND ANALYTICAL 
MODES AND FREQUENCIES 


Mode 

Natural frequency (Hz) 

Isolation- 

mounted 

configuration 

Hard-mounted 

configuration 

Test 

Tuned 

model 

Test 

Tuned 

model 

Lateral 1 st bending 

31.6 

31.6 

89.4 

89.4 

Lateral 2nd bending 

81.2 

70.0 


Longitudinal translation 

43.5 

43.0 



(a) (b) 

Figure 6. — First (a) and Second (b) lateral modes of the SRG1 10 dynamic simulator. 


some difference between the test and analytical frequencies of the second lateral mode. The analytical mode shapes 
for both the first and second lateral modes (fig. 6) and the longitudinal mode were in good agreement with the mode 
shapes measured by test. As shown in the figure, the second mode was a flexure bending mode — the SRG1 10 on the 
compliant launch interface (fig. 1) does not have a similar mode. No longitudinal mode was measured for the hard- 
mounted configuration because available test time allowed for testing in the lateral (X-axis) direction only. 

VI. Vibration Test Results 

Due to the relatively high amplification of the test 
article, hard-mounted random vibration tests were 
limited to flight level -12 dB (fig. 4) in order not to 
exceed previously set response limits. Conversely, 
amplification of the isolation-mounted test article was 
low, so this configuration was tested to +4.8 dB 
(15.1 grms, 0.3 g 2 /Flz maximum) above the random 
vibration flight level. This corresponds to the highest 
level of vibration anticipated for RPS. 

Linearity studies were performed on both test 
articles. The variation of modal frequencies with lateral 
vibration level for the hard-mounted and isolation- 
mounted test article are shown in figure 7. No 
significant change in fundamental lateral frequency 
was observed for the hard-mounted configuration over 
the relatively small range of vibration input. Slight 
local nonlinearities were observed at higher input 
levels for both first and second X-axis bending modes 
for the isolation-mounted configuration. These 
nonlinearities are likely attributed to characteristics of the Stirling Generator Dynamic Simulator and would not be 
expected in the actual flight hardware. Figure 7 shows three points (depicted in red) where the first bending mode 
shifted below 20 Hz. Since the random test input energy was applied only from 20 to 2000 Hz, mode frequency 


1st Lateral Hard-Mount— ♦— 1st Lateral Isolation 
2nd Lateral Isolation 



Input Level (Grms) 

Figure 7. — First and second isolation-mount structure 
modal frequency variation with lateral vibration. 
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Figure 8. — Variation of isolation-mount structure first and 
second modes with lateral vibration input level. 


□ Hard Mount Flight* Level □ Isolation Mount Flight Level 
■ Isolation Mount Flight +4.8 dB 


extraction below 20 Flz has some uncertainty due to 
the variation in applied energy below 20 Flz and 
filtering effects. 

Damping of the first two lateral modes of the 
isolation-mounted structure also varied with input 
level. Figure 8 shows the outboard GPFIS response 
divided by the input for the range of inputs applied. As 
the input level was increased the frequency of both 
modes shifted downward, and the first mode became 
significantly less pronounced. This was largely 
attributed to an increase in the structural damping of 
the test unit. Since the fundamental mode was so 
highly damped at the highest vibration input levels, the 
second bending mode frequency was used for the force 
limiting breakpoint. 

The response of the hard-mounted structure is 
compared with that of the isolation-mounted test 
article in figure 9 as a ratio of component responses 
to component allowables. Flere, for purposes of an 
even comparison, the hard-mounted responses were 
scaled from 1/4 flight level to full flight level. Ratios 
larger than 1 indicate that the response would exceed 
the component allowable. All flight level hard- 
mounted responses would have exceeded the 
component allowables — this was the reason for 
limiting the input to 1/4 flight level. In contrast, 
component responses in the isolation-mounted test 
configuration were all within the component 
allowables. Indeed, even at the highest anticipated 
launch loading (flight +4.8 dB), component responses 
in the isolation-mounted test article were within their 
respective allowables. It is of interest to compare the 
trends in the component responses (displayed from 
left to right from the inboard end to the outboard end) 
arising from the two mounting arrangements. Hard- 

mounted responses were dominated by the first cantilever mode of the structure where outboard accelerations are the 
most significant. Conversely, the isolation-mounted test article responses were dominated by the structure's second 
mode where the inboard end had the highest accelerations. Thus, hard-mounted component response levels 
increased from the inboard end to the outboard end while isolation-mounted responses decreased from the inboard 
end to the outboard end. 



Inboard 

GPHS 


Inboard 

Stirling 

Convertor 


Conv. 

Assy. 

Center 

Tube 


Outboard 

Stirling 

Convertor 


Outboard 

GPHS 


Flight 


Figure 9. — Lateral response of the test article hard 
mounted and isolation-mounted. 


VII. Test and Analysis Correlation 

Random response analysis was performed with both hard-mounted and isolation-mounted FEMs. The analysis 
included force limiting per reference 3, consistent with force limiting imposed during the test. Since the first lateral 
mode of the isolation-mounted configuration was highly damped and the second lateral mode had a higher response, 
the roll off frequency on the force limiting curve was imposed at the second lateral mode for test — the analysis 
imposed force limiting in the same manner. Five percent structural damping was assumed for all analytical modes. 

Figure 10 shows a comparison of the test and analysis responses to lateral vibration input for both the hard- 
mounted configuration and the isolation-mounted configuration. The results displayed good general agreement in 
the magnitude of responses as well as indicating the same trends in component response levels from the inboard end 
to the outboard end. The largest difference between test and analysis results for the isolation-mounted structure was 
at the outboard end. This was primarily due to the response of the first mode where the outboard component 
responses are the highest. The first mode was highly damped in the test, but the analysis was performed using 
5 percent damping and thus the analytical responses are higher than those of the test. The influence of damping was 
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1/4 Flight Level Lateral Input Hard Mount 


Flight Level Lateral Input Isolation Mount 



Inboard 
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(a) 




Inboard 
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Convertor 
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Convertor 




Tube 




(b) 


Figure 10. — Test and analytical lateral response of the test article in hard-mounted 
(a) and isolation-mounted (b) configurations. 


clear on the inboard GPF1S, which was closest to the 
inboard mounting point. The first mode at 32 Hz was not 
evident in the test data shown in figure 11, but can be seen 
in the analysis results. For both analysis and test, the second 
mode at 81 Hz had the highest response. Again for the 
second mode, the test article had higher damping than the 
5 percent damping used in the analysis, as indicated by the 
broader peak in the test curve and the higher response in the 
analysis curve. The peak at 200 Hz for the analysis and 
300 Hz for the test was the response due to the Stirling 
convertor heater head bending mode. The difference in 
frequency was primarily due to the fact that only the 
stiffness of the heater head outer shell was represented in 
the FEM. Heater head lateral load test results reported 
subsequent to the analysis effort indicate that the heater 
head internal structure makes a significant contribution to 
the overall heater head stiffness. 

Comparison of the test and analysis responses to axial 
vibration input for the isolation-mounted configuration is 
shown in figure 12. There was again good agreement between test and analysis. In the axial direction, the response 
of all components was similar, and well below the component allowables. The reason for the similarity can be 
explained by examining figure 13, which is representative of all the component responses. The primary response in 
the axial direction was due to the first mode at 44 Hz, which was controlled by the stiffness of the flexures mounted 
perpendicular to the axis of the test article. The test article itself was very stiff in the axial direction, and only one 
other mode was evident in the analytical results below 400 Hz. Then the dominant response was the fundamental 
axial mode due to the isolation flexures, where the test article moves together as a rigid body, and thus all 
component responses are the same. The low frequency fundamental mode acts as a low bandpass filter so that the 
response rolls off with increasing frequency and the resulting acceleration levels are low. 



Figure 11. — Lateral response of the inboard GPHS to 
flight level vibration input in the isolation-mounted 
test configuration. 
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Figure 12. — Test and analytical axial response 
of the test article in isolation-mounted test 
configuration. 


Figure 13. — Axial response of the outboard Stirling 
convertor to flight level vibration input in the 
isolation-mounted test configuration. 


VIII. Conclusion 

The generator simulator test served as an excellent pathfinder for the SRG110 EU. Connecting the Stirling 
convertors together into one subassembly simplified the load path and eliminated individual Stirling convertor 
modes. Accurate representations of the GPF1S preload and support hardware maintained the intended preload 
between the GPF1S simulators and the Stirling convertor heat collectors, even at the highest input levels. In addition, 
experience gained with interface force measurement hardware, force limiting test methodology, and testing at full 
RPS qualification level will be of great benefit to future testing of the SRG1 10 generator hardware. 

Overall agreement between the test and analytical results was very good. The FEMs were tuned such that the 
fundamental structural modes were within 1 Flz of the test frequencies. The method of employing analytical force 
limiting was a good representation of the implementation in test. The analysis assumed 5 percent damping, which on 
average was a reasonable estimate of the test hardware damping. Analytical component responses displayed the 
same overall levels and trends as the test data. The correlation between analysis and test adds confidence that 
analytical predictions of the SRG110 responses are valid. 

As demonstrated in this test, isolation mounting at the spacecraft interface is a viable method to reduce the 
vibration response of the generator and its components. Response levels with isolation mounting were 2 to 9 times 
lower than the hard-mounted configuration. For the isolation configuration tested, force limiting was rolled off at the 
frequency of the second lateral mode (81 Hz) because its response was the most pronounced. The second mode 
response was an artifact of the flexure configuration and this type of mode is not expected in the SRG1 10 isolation 
interface. Force limiting rolled off below 50 Hz would be expected to result in larger attenuation of the vibration 
input. The Stirling generator dynamic simulator test demonstrated that a structure representative of the EU generator 
could be mounted on a spacecraft adapter that was tuned to provide isolation, and tested to the highest RPS 
qualification input levels (15.1 grms, 0.3 g 2 /Hz maximum) such that all component responses, including the Stirling 
convertors, were within their respective component qualification allowables. 
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post-test analysis results. With the compliant interface, component responses to an input environment exceeding the SRG1 10 qualification level spectrum 
were all within design allowables. Post-test analysis included finite element model tuning to match test frequencies and random response analysis using the 
test input spectrum. Analytical results were in good overall agreement with the test results and confirmed previous predictions that the SRG1 10 power 
system may be considered for a broad range of potential missions, including those with demanding launch environments. 
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